Background and Objectives
Introduction
The prevalence of chronic kidney disease (CKD) ranges between approximately 7% -10% in the general population [1] . CKD is dangerous because it is independently associated with mortality even after adjusting for various chronic conditions such as hypertension, diabetes and major adverse cardiac events [2, 3] . Therefore, it is of utmost importance to identify biomarkers predicting poor outcomes in CKD. Several candidates have been proposed [4] , but, these biomarkers are not always applicable in routine practice. Thus, novel and easily accessible biomarkers should be identified.
The serum anion gap (SAG) is easily calculated from the electrolytes. Along with differential diagnosis of acid-base disorders, it can be used to assess laboratory quality control and diagnose intoxications and paraproteinemias [5] . However, recent studies have suggested the expanded use of SAG as a biomarker. Farwell and colleagues analyzed the data from the National Health and Nutrition Examination Survey (NHANES). They proposed that increased SAG is associated with blood pressure, insulin resistance, and inflammation in the healthy general population [6] [7] [8] . Moreover, SAG is an independent risk factor for mortality in acute myocardial infarction [9] , critical illness [10] , and an otherwise healthy elderly population [11] .
SAG is elevated and related to mortality even in early kidney disease [12] , and high SAG is associated with CKD progression [13] . Therefore, we hypothesized that SAG might predict mortality in advanced CKD patients. We performed the current study to identify whether SAG was associated with all-cause mortality using data from a prospective randomized controlled study, KSTAR (Kremezin STudy Against Renal disease progression in Korea).
Material and Methods

Study population
KSTAR was a prospective, 11-center, randomized, open-label, controlled study (Clinicaltrials. gov: NCT 00860431). The detailed study protocol is described elsewhere [14] . In brief, participants with advanced CKD recruited from March 2009 to August 2010 were followed up for 36 months. Those aged 18 years, with estimated glomerular filtration rate (eGFR) by the Cockcroft-Gault equation of 15-59 mL/min/1.73 m 2 , and who had a measured or expected decline of kidney function of 2.5 mL/min/1.73 m 2 for six months or 5 mL/min/1.73 m 2 for 12 months, were included in the original study. The study protocol was approved by the institutional review boards of the participating centers, and the study was performed in compliance with the principles of the Declaration of Helsinki. In addition to the original data, we retrospectively collected data on the status of survival as of July 2015 through review of medical records. The retrospective expansion of the follow-up duration was also approved by the institutional review boards (IRBs) of the participating centers: Seoul National University Bundang Hospital (B-0812/066-006), Seoul National University Bundang Hospital (0810-009-259), Seoul National University Boramae Medical Center (06-2009-7), Yonsei University Hospital (4-2008-0586), Korea University Ansan-Hospital(AS0884), Hallym University Sacred Heart Hospital (2009-I004), Inje University Ilsan-Paik Hospital (IB-0811-076), Konkuk University Hospital (KUH1010125), and Gachon University Gil Medical Center (GIRBA2010). The need for informed consent for the retrospective expansion was waived by the IRBs of participating hospitals because the study did not infringe on patient privacy or health status. Patient records and information were anonymized and de-identified prior to analysis. Of 579 participants, 440 were eligible for the analysis (Fig 1) .
Definition and measurements
The eGFR was calculated by the Chronic Kidney Disease EPIdemiology collaboration equation [15] . The SAG was defined using the following equation:
. Since approximately 80% of SAG is due to the sum of anionic charges on blood proteins, and albumin is the most abundant, hypoalbuminemia could falsely lower the SAG [5] . Thus SAG needed to be adjusted for serum albumin using the following equation: albumin-adjusted SAG (A-SAG) = SAG (initial) + 2.5 × (4 -serum albumin [g/dL]) [16] . Serum total indoxyl sulfate (IS) was measured by a high performance liquid chromatography fluorescence detector (Agilent 1100 series, USA). [17] with "rms" package [18] . Since the restricted cubic spline curve (Fig 2) and multivariate Cox-proportional hazard regression of A-SAG quintile (S1 Table) revealed a non-linear association between A-SAG and all-cause mortality, all participants were divided into two groups of vs. < the threshold of A-SAG calculated from the area under the receiver operating characteristic curve (AUROC) using R Version 3.03 (R Core Team, 2014) with "pROC" package [19] . The best threshold was calculated by obtaining the best Youden index (sensitivity + specificity-1). For comparison of mean and linear regression of serum total IS, logarithmic transformation was performed, since it was non-normally distributed. P < 0.05 was considered to have statistical significance. All analysis unless otherwise specified was performed using SPSS Version 22 (IBM Corp. released 2013, Armonk, NY: IBM Corp).
Statistical analysis
Results
Of 440 participants, the median (IQR) follow-up duration was 5.1 (3.0-5.5) years. At baseline, mean age was 56.8 ± 13.1 years and men were 294/440 (66.8%). The mean eGFR was 23.2 ± 6.8 mL/min/1.73 m 2 and median urine protein creatinine ratio (UPCR) (IQR) was 1.2 (0.4-2.9) g/ g. The proportion of diabetic nephropathy as a cause of CKD was 204/440 (46.4%). During the follow-up duration, 29 participants died (all-cause mortality 6.6%). We evaluated several cut-points of A-SAG and found only 9.3 mmol/L, the cut-point between the 2 nd and 3 rd quintile was significantly associated with all-cause mortality (S2 Table) . In discrimination analysis, the AUROC of A-SAG for the all-cause mortality was 0.616 (95% confidence interval [CI] 0.520-0.712, P = 0.037). The best threshold of A-SAG for allcause mortality was 9.48 mmol/L, with sensitivity 0.793 and specificity 0.431. We compared the baseline characteristics of the participants according to the status of A-SAG threshold ( Table 1) . The means of A-SAG in and < 9.48 mmol/L of A-SAG groups were 11.5 ± 1.9 mmol/L and 7.8 ± 1.4 mmol/L, respectively. The A-SAG 9.48 mmol/L group showed higher male proportion than the A-SAG < 9.48 mmol/L group. Although serum level of inorganic phosphorus was not different between the two A-SAG groups, the serum levels of potassium and chloride were significantly lower in A-SAG 9.48 mmol/L group than A-SAG < 9.48 mmol/L group. Participants with A-SAG 9.48 mmol/L showed lower eGFR and higher blood urea nitrogen (BUN) than those with A-SAG < 9.48 mmol/L. The all-cause mortality of and < 9.48 mmol/L of A-SAG groups was 23/257 (8.9%) and 6/183 (3.3%), respectively (P = 0.019). In Kaplan-Meier survival curve analysis (Fig 3) , the A-SAG 9.48 mmol/L group showed poorer patient survival than the A-SAG < 9.48 mmol/L group. We performed univariate and multivariate Cox-proportional hazard regression analysis to identify factors associated with all-cause mortality ( Table 2 ). The A-SAG 9.48 mmol/L was significantly associated with increased risk of all-cause mortality. In addition, older age, lower eGFR, higher serum beta-2 microglobulin (B2MG) and BUN were also significantly associated with increased risk of all-cause mortality. After adjusting for confounders, A-SAG 9.48 mmol/L was still associated with the increased risk of all-cause mortality, with hazard ratio 2.968 (95% CI 1.143-7.708, P = 0.025).
To determine the reason for the association between A-SAG and all-cause mortality, we performed linear regression analysis for A-SAG and uremic toxins. The serum total IS was not associated with A-SAG (Fig 4A) , with beta (95% CI) 0.118 (-0.088-0.325). However, serum B2MG (Fig 4B) and BUN (Fig 4C) were positively associated with A-SAG, with beta (95% CI) 0.137 (0.044-0.230) and 0.094 (0.049-0.140), respectively.
Discussion
We evaluated the usefulness of A-SAG as a potential biomarker for all-cause mortality in advanced CKD patients. SAG is easily calculated from serum or plasma electrolytes. Since SAG is significantly affected by the serum albumin level [5] , we used A-SAG to increase the predictive value [16] . To our knowledge, this is the first study to explore the clinical usefulness of A-SAG in advanced CKD patients. In addition, our study suggested that A-SAG 9.48 mmol/ L in patients with advanced CKD might be derived from retained middle-molecular or small water-soluble uremic toxins. In our discrimination analysis, the best threshold of A-SAG for all-cause mortality was 9.48 mmol/L, which has traditionally been considered in the normal range [5] . Patients with A-SAG 9.48 mmol/L showed 2.968 times higher risk of all-cause mortality than those with A-SAG < 9.48 mmol/L. Although high SAG is generally thought to be tightly linked with metabolic acidosis [20] , our data suggested that A-SAG 9.48 mmol/L might be predictive of allcause mortality in advanced CKD patients independently of metabolic acidosis. Abramowitz et al. reported similar results after analyzing 11,957 adults in NHANES 1999-2004 [12] . Compared to the first quartile of A-SAG, the fourth quartile was associated with increased risk of all-cause mortality, with hazard ratio 1.62 (95% CI, 1.19-2.21, P trend = 0.007). However, the meaning of their results differs from that of our study, since the majority (over 90%) of the study participants had normal kidney function (eGFR above 60 mL/min/1.73m
2 ). In contrast, our study participants were only made up of advanced CKD patients, who a have higher risk of death [2, 3, 21] and need more care. Although Abramowitz et al. used A-SAG, the values were far lower than the usual range [5, 12] . In contrast, we adopted an equation for albumin-adjustment with a range similar to the usual reference [16] , and hence more easily applicable. Togawa et al. also analyzed 42 patients with advance CKD (eGFR 7.1-52.0 mL/min/1.73vm
2 ) for the association between A-SAG and CKD progression [13] . Although they suggested that A-SAG was significantly associated with delta eGFR/6 months in multiple linear regression (beta 0.45, P < 0.01), they did not evaluate the association with mortality.
The reason why A-SAG 9.48 mmol/L is predictive of mortality in advanced CKD patients remains unclear. Although several studies have suggested that elevated SAG is associated with increased risk of mortality in various populations [9] [10] [11] [12] , none of the previous studies provided relevant evidence. The lower eGFR in A-SAG 9.48 mmol/L group can explain some of the excess mortality. But multivariate analysis revealed that the impact of A-SAG was valid even after controlling the effect of eGFR. According to our study results, we speculate that uremia itself might be the reason why elevated AG is associated with increased risk of mortality in advanced CKD patients. Uremia is an important cause of elevated AG [20] . In retention of uremic toxins, decreased renal tubular secretion also plays an important role in addition to decreased glomerular filtration since some toxins, such as middle molecules, are too large to be filtered well [22] . There is increasing evidences that a high level of uremic toxin is associated with increased risk of mortality [23] [24] [25] [26] . In our study, we analyzed serum levels of total IS, B2MG, and BUN, as representatives of highly protein-bound, middle-molecular and smallwater soluble uremic toxins, respectively [27, 28] . Since serum B2MG has a negative charge at physiological pH, it acts as anion [29] . We assumed this was the reason why the serum level of B2MG was positively associated with the level of A-SAG. BUN was also positively related to the level of A-SAG. We also found that the serum levels of B2MG and BUN were associated with increased risk of all-cause mortality, which was consistent with the results of previous studies [23] [24] [25] [26] . However, serum level of total IS was not associated with the level of A-SAG and all-cause mortality in the study. Serum IS has a high affinity to serum protein, mostly albumin [23] . Therefore serum level of total IS cannot reflect the serum level of free IS well. In fact, most of the literature showing a relationship between serum IS and mortality used the serum level of free IS [24] . We believed this was the reason why the serum level of total IS was not associated with the level of A-SAG and all-cause mortality. Based on our result, we infer that the increased risk of A-SAG 9.48 mmol/L for all-cause mortality might be derived from the positive relationship between A-SAG and middle-molecular or small water-soluble uremic toxins. Although the contribution of uremic toxins in A-SAG might be an important reason for the increased risk of all-cause mortality, we also speculate that there may be different underlying mechanisms, since the explanatory power of uremic toxins for A-SAG was not high. We believe that A-SAG could a surrogate marker for a poor lifestyle. Gannon et al. explored dietary intake with respect to acid-base balance in an elderly UK population [30] . They calculated net endogenous acid production, which is closely associated with dietary acids and organic anions. In their analysis, higher dietary acidity was significantly associated with higher consumption of protein (P < 0.02). Since most bases of dietary acids are weak organic anions [30] , elevated SAG would reflect high dietary acid and protein intake, which is harmful to CKD patients [31] . Elevated SAG is also related to poor cardiorespiratory fitness. Abramowitz et al. analyzed the data of NHANES 1999-2004 for the association between elevated SAG and cardiorespiratory fitness, as determined by submaximal exercise testing [32] . After adjustment, a 1-SD increase of SAG was associated with increased odds for poor fitness (odds ratio 1.30, 95% CI 1.15-1.48). We surmise that the poor lifestyle reflected by elevated SAG might be a potential reason why elevated SAG is associated with increased risk of all-cause mortality.
Although the serum level of inorganic phosphrous was equal in both < and 9.48 mmol/L of A-SAG groups in the current study, hyperphosphatemia can raise SAG [5] . Since hyperphosphatemia and secondary hyperparathyroidism are associated with mortality [33] [34] [35] , we assumed that hyperphosphatemia and related secondary hyperparathyroidism in patients with elevated SAG are also a good explanation for the association between SAG and mortality.
The current study had several limitations. First, the current study was retrospective, and important values such as total CO 2 were not available at randomization and subsequent visits since the original study did not aim to evaluate the impact of SAG on clinical outcomes. In the study, the outcome relied on retrospective medical chart review, which might underreport the true mortality. In addition, we did not have detailed data on causes of death, except for cardiovascular mortality, which was too low (2.5%) to perform reliable analysis. Second, the association between uremic toxins and A-SAG was analyzed cross-sectionally, and a causal relationship could not be confirmed. Despite this weakness, our results are useful, because they show the relationship between uremic toxins and A-SAG for the first time. Finally, all participants of the original study were Asians, which limits the generalizability.
In conclusion, the level of A-SAG is an independent risk factor for all-cause mortality in advanced CKD patients. Currently, nephrologists who care advanced CKD patients have no easily accessible biomarkers beyond serum creatinine. In this regard, A-SAG can be a cheap and effective guide. Based on our study results, clinicians can warn a patient with A-SAG 9.48 mmol/L for the poor prognosis, and recommend stricter adherence to the medication and good life style with more frequent clinic visits for timely interventions. The effective way to lower A-SAG and the efficacy of A-SAG lowering intervention needs further investigation.
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